INTRODUCTION L ARGE CAPACITY dc-to-ac motor-generator (MG) sets
Lare extensively used in electric railway trains as ac power sources for the air-conditioning equipment, illumination system, etc. These MG sets produce good output voltage waveforms and also supply steady power to loads even in case the contact of the pantograph with the trolley wire is broken for a short time (because of the kinetic energy stored in the rotor).
However, the presence of mechanical commutators in the dc motors is a drawback of this system. To eliminate this drawback some solutions were so far reported (e.g., [1] , [2] ), but a conversion system introducing the principle of a self-controlled synchronous motor has the merits of the MG sets and practically presents no drawback because it has no mechanical commutator [3] - [5] .
The basic structure of this conversion system is shown in Fig. 1 . In this figure, two armature windings AM and AG wound on a single stator core and rotor R form a doublewound synchronous machine. The inverter, armature winding AM (hereafter M-side winding), rotor R, position sensor (PS), and gate circuit form a self-controlled synchronous motor [6] whose characteristics are similar to those of a conventional dc motor. Armature winding AG (hereafter G-side winding) and rotor R form a synchronous generator.
The authors analyzed in detail the steady-state characteristics of this novel dc-to-ac conversion system in a previous paper [7] . However, a clear understanding of the transient characteristics and an efficient dynamic control strategy are also important.
This paper presents a detailed transient analysis of this dc-to-ac conversion system and proposes a new dynamic control strategy, in which the inverter leading angle of commutation and the field voltage are controlled in such a way as to keep the output frequency and voltage constant regardless of changes in the dc input voltage and/or the output load. Experimental results are also included to confirm the validity of the analysis. [7] . To facilitate this analysis the following assumptions are made for the system shown in Fig. 1: 1) the rotor has a nonsalient pole structure with symmetrical d, q axis damper windings and the stator has two symmetrical three-phase windings AM and AG whose effective turns ratio is a; 2) the angle t between the M-side a(b, c)-phase winding axis and the G-side x(y, z)-phase winding axis is zero (see Fig.2 of [7] ); 3) the damper winding resistance rd is small and its time constant Td = LdO/rd (see the Nomenclature) is so large that the corresponding cutoff frequency defined by ft = 1/(27TTd) is very small compared with the inverter commutating frequency; 4) the transient responses of the electromechanical quantities of this system are very slow compared with the inverter commutation interval (i.e., the time between two successive commutations).
The angle t referred in assumption 2) does not influence the steady-state nor transient characteristics, except the spikes superposed on the voltage waveforms.
From Fig. 1 the following voltage equation for the doublewound synchronous machine can be written: (1) where [V] [Va, Vb (4) (5)
The damper resistance rd was neglected in the steady-state analysis [7] , but for the present analysis it must be considered, so that kdd and tPdq may vary during transients.
From (2), (4) and (5) (4) and so on can be considered by its average value (of course at this point all the ripples in 4'dd and Pqo are also neglected). Now, from [7] we have the following results: 1) the term dependent on ix in the expression for va in (7) is very sInall and can be neglected; 2) the term dependent on ia in the expression for vX in (8) 
The validity of (15)- (20) for the transient state is assured by assumption 4). Now, let us investigate better [IPda, 'kqaI T given in (3), by taking them as the surm of two parts, the first one [Idal, Pqal T due to the fundamental components of the armature currents and the second one due to the higher harmonic components in these currents. Since we assumed sinusoidal output voltage waveforms, the output currents are also sinusoidal, and for instance i = WfIG sin(p3 6-r +t-0). The M-side current, as shown in Fig. 2(b (9) would be constant, and as a result the leading angle of commutation y shown in Fig. 2(a) The equations derived so far are somewhat similar to those derived in [7] , but with a very important difference, i.e., those equations in [7] Fig. 5) , the difference between Vd and the inverter dc side voltage Ed (see Fig. 3 ) is also stepped down, causing the input dc current Id to decrease (Fig. 4(c Fig. 4(d ( Fig. 4(c) for AVd= 10 V), causing a strong armature reaction and forcing a negative peak in the margin angle of commutation (-y -u), which can lead the system to commutation failure as in case C (Fig. 4 (d) for A Vd = 20 V). To achieve the constant output voltage and frequency operation a control system was introduced. The basic idea of this control strategy is very similar to the steady-state control strategy proposed in [7] , where the field current (here the 2) the process flowchart in Fig. 5 shows that as soon as Vd where PCL is the copper loss and Pm,i the sum of the mechanical and iron losses. in the open-loop response; however, it decreases in the controlled system response. Fig. 9 shows the experimental results corresponding to the conditions shown in Fig. 8 , and satisfactory agreement are seen between theoretical and experimental results. Fig. 10 shows the experimental dynamic responses for the case of output load variation for the controlled system. First, the load is taken out to have the no-load condition, and then the load is connected again. The Fig. 9 . Closed-loop experimental dynamic responses (same conditions as in Fig. 8 ).
sented. An efficient dynamic control strategy has been proposed to keep the output voltage and frequency constant regardless of changes in the dc input voltage and/or output load. The proposed power balance control is essential to prevent the commutation failure of the inverter during transients, and by using this control the range of step-like variation in the dc input voltage can be widened. Also, the control system, which was designed based mainly on the dc input variations, has showed a very satisfactory transient response for load variations. kvi < = 5.3 (1/s).
